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Abstract 
Every CO2 capture and storage chain will contain injection wells. The most important common operations for wells are shut-ins 
and depressurizations for reservoir characterization, maintenance stops and testing of valves. The aim of this work is firstly to 
demonstrate the need for experiments on these operations. Secondly, a new experimental set-up is proposed for such 
experiments. The main conclusion from this paper is that the physical phenomena during shut-ins and depressurizations of CO2 
injection wells can be described with models, but that that there are still some uncertainties left. The largest uncertainties occur 
when the transient flow is rapid and/or CO2 is mixed with water. The proposed experimental set-up consists of a well with casing 
to be drilled vertically 200-250 meter at the Statoil laboratory in Trondheim, Norway. A U-tube with two legs with different 
diameter will be suspended in the well. Moreover, water or brine can be added for observing the effects of the H2O-CO2 
interaction. The U-tube is to be linked to the existing CO2 transport test facility, which has the necessary vessels, compressor and 
pump. This rig will hopefully contribute in making CO2 injection wells even safer and more cost efficient. 
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1. Introduction 
 
Every CO2 capture and storage (CCS) chain will contain injection wells. An overview of all existing injection 
wells is not readily available and is best given by an overview of all CO2 pipelines[1] or CCS projects[2]. Most wells 
can be found at the oil fields using CO2 for enhanced recovery in the USA and Canada. Offshore wells can be found 
at Sleipner platform in the North Sea (Norway), Lula platform in deep waters southeast of Brazil and Snøhvit LNG 
project in the Barents Sea (Norway). At Sleipner and Snøhvit CO2 is injected into a saline aquifer, while at Lula CO2 
is injected into the oil zones for enhanced oil recovery. There is no operational experience yet with injecting in 
emptied gas fields, but both the ROAD (NL) and Peterhead/Goldeneye (UK) projects are planning such wells. 
In most of the time these wells will operate in an approximate steady state. But during maintenance, revamp, 
start-up, shut-down and accidents the flow will be transient. The most common transient operations are shut-ins and 
depressurizations for measuring reservoir properties, testing of valves and well operations such as the one performed 
at Snøhvit in April 2011[3]. During some of these operations CO2 is mixed with other fluids like formation water 
and mono-ethylene-glycol (MEG). Steady state modelling has matured in the last decades, while R&D on transient 
CO2 well flow is not as mature as its hydrocarbon equivalent. The main difference with hydrocarbon modelling is 
that CO2’s critical and triple point can be reached during transient operations. The critical and triple points are 
known to require advanced modelling. Most thermodynamic properties are well known for pure CO2, see e.g. NIST 
[4]. Research on the effect of impurities like water, methane, nitrogen and oxygen is ongoing [5, 6]. For example, the 
mixture CO2-water with all its phases was recently published[7]. But commercial tools that have the capability of 
modelling transient flow with both the triple and critical points are still under development. The aim of this work is 
firstly to demonstrate the need for experiments on transient flow in CO2 injection wells, mainly focusing on shut-ins 
and depressurizations. An important part is a literature review of models and available experiments and operational 
data. Secondly, a new experimental set-up is proposed for such experiments. 
This work presents some of the initial results of the DeFACTO project (Demonstration of Flow Assurance in CO2 
Transport Operations), which is partly funded by the Norwegian CLIMIT demo program. Statoil and SINTEF 
Energy Research are partners in this project. 
 
2. Operations 
 
This Chapter describes the main operations in wells that are of interest for safe and cost efficient operation and 
maintenance. In the DeFACTO project it is aimed to reduce the uncertainty related to these operations 
2.1 Shut-ins  
A shut-in of a well is simply a stop of flow by shutting down a valve at the well head. By measuring the pressure 
and temperature as a function of time well engineers can derive information on injectivity and near-well reservoir 
characteristics. Shut-ins can be done while drilling or during operation, and in different parts of the well. They are 
important tools for decisions on the well’s remaining lifetime and maintenance schedule. The shut-in behaviour of 
CO2 is significantly different from hydrocarbons and water due to the strong dependence of the density of pressure 
and temperature and the possibility for two-phase flow. Depending on the rate of closure, a pressure surge (fluid 
hammer) will follow upstream the valve. Downstream the valve, the pressure will reduce. Due to the compressibility 
of the CO2 stream these waves will not be significant. More importantly the pressure of the well pressure will start to 
equalize the reservoir pressure, and the fluid temperature will start to equalize the rock formation temperature. 
Depending on temperature and pressure of the well the fluid might separate in gas and liquid. In this case a liquid 
surge will start to travel towards the bottom of the well. The dynamics of the shut-in case is dominated by slow 
dynamics, where heat transfer from the reservoir and mass convection dominates. Dynamic heat transfer models 
accounting for the heat stored in the rock formation is vital for the transient modelling, as for other dynamic 
scenarios [8]. Shut-ins are published on the Snøhvit well in Norway [3, 9, 10] and State Charlton well in Michigan, 
US [11]. 
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2.2 Depressurizations 
Depressurizations are as the word says reductions in pressure by loss of mass either to another part of the process 
or to the environment. The distinctive aspect of CO2 depressurizations compared to hydrocarbon ones is the more 
rapid cooling due to evaporation and Joule-Thomsen effect, which in extreme cases can cross the critical and triple 
point. The research on pipeline depressurizations have been matured in the last years, see e.g. Clausen[12], De 
Koeijer [13], Witlox[14]. But in these efforts, the flow is mostly horizontal and the gravitational forces are not in 
focus. 
Depressurizations can be slow and controlled in for example valve tests, but also fast and uncontrolled in case of 
an accident. The most complex case is if control is lost over the wellhead valves, i.e. a blow-out[15]. In this case the 
interaction of CO2 with formation water is important, since it is expected that a water-CO2 mixture will flow out of 
the well. In case of wells for enhanced oil recovery, oil and natural gas could accompany the CO2 and formation 
water. In the presence of reservoir water, hydrates, dry ice (solid CO2) and water ice might also form in the path of 
depressurization.  
In a well depressurization, either accidental or as a part of planned maintenance, the decompression wave 
associated with such an event will cause a significant cooling of the well fluid. Strong cooling might render the pipe 
material, and any coatings, brittle and vulnerable to cracks. Also, because of the relatively high triple-point pressure 
of CO2, dry-ice might form during such a depressurization event. The concrete surrounding the well casing, or in the 
rock formation close the well might also be affected by the cold temperatures. In the case of a restricted and 
controlled depressurization it is therefore vital that the thermal stresses imposed on well surroundings are known. 
The depressurization scenario is comprised of both fast and slow transients. After a fast initial rarefaction wave, a 
slow moving evaporation front will be established. High velocity gas will be emitted from this front and choke at the 
exit (full bore or valve restricted). Slow heat transfer to the fluid from the surroundings will affect the 
depressurization. Dynamic heat transfer modelling will therefore also in this case be important. Capturing both the 
high speed flow and at the same time slow convection and heat transfer is challenging to model. Accurate model 
predictions of the velocity and magnitude of the depressurization and cooling is therefore useful for assuring safe 
and reliable operation of a CCS pipeline and well systems. 
 
3. Modelling 
 
This Chapter gives first the general status of modelling transient CO2 flow, and subsequently three modelling 
tools development efforts are described separately. In general, the results on modelling until now show that it is 
possible to get a good match between model and measurements of operational wells and experimental rigs, but that 
there are still some uncertainties left.  Especially the assumptions on heat transfer, the connection between well and 
reservoir and on the flow pattern have shown to have a large influence on the results.  
While the field of multiphase flow modelling is mature, there exists no general way of modelling closures valid 
for all fluids. Flow maps and correlations must be validated, adjusted or developed for each new working fluid or 
composition of fluids. This presents one of the main challenges in the modelling of CO2 flow in pipelines and wells. 
Existing correlations and models used by research and industry for oil–gas–water mixtures cannot necessarily be 
assumed to be valid for CO2 with impurities. These models need to be adapted to these new applications, a process 
needing experimental input for validation. For CO2, there exist flow maps and pressure-drop measurements for tubes 
and channels, in the public domain, with a hydraulic diameter in the millimeter range. Most of them are developed 
for heat exchanger applications. These measurements are not applicable to large diameter industrial pipelines and 
wells. 
The possibility of H2O (brine) flow from the reservoir into the well will require advanced modelling. The 
presence of both H2O and CO2 with impurities and salts is a challenging thermodynamic system that needs more 
complex equations of state than usually used in pipeline simulations. For the CO2-H2O system there are knowledge 
gaps regarding many of the previously mentioned closure relations. The Cubic Plus Association (CPA) [16] 
accounts for association (Hydrogen bonds) and are known to predict the phase properties of mixtures with polar 
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components well. Using excess Gibbs energy models like the Huron-Vidal [17] mixing rules together with the cubic 
equations of state, will improve the equilibrium predictions compared to classical mixing rules. The use of reference 
equations and Helmholtz mixing rules [18], will also be able to describe this system, although they might be time 
consuming to use. For the presence of water a fluid flow simulator need to handle separation of gas, CO2 rich liquid, 
H2O rich liquid, hydrates, solid CO2 and solid H2O 
In the modelling of multiphase flow, the assumption of thermal, mechanical or chemical equilibrium is 
ubiquitous. While these assumptions often simplify the model in question, it is important to be aware that they will 
directly influence the wave dynamics of the model. For example, assuming chemical, thermal and mechanical 
equilibrium may lead to a significant underestimation of the rate of which disturbances will propagate in a pipeline, 
compared to a non-equilibrium model. Possible dry ice, ice, and hydrate formation, as well as delayed nucleation 
(evaporation front) in a depressurization will not be completely described by equilibrium models.  
It should be emphasized that the accuracy of a simulation depends not only on the accuracy of the physical 
model, but also on the ability of the numerical scheme to correctly resolve the underlying model. It has been shown 
that numerical diffusion associated with certain numerical methods can adversely affect the resolution of a 
depressurization wave in a pipeline [19] 
In general, for validation of the models and further reduction of the uncertainties it is recommended to get more 
operational and experimental data available and improve on reservoir description. The problems seem too complex 
that a first principle modelling effort alone could reduce the uncertainties enough, especially for problems with rapid 
changes in multi-component system passing critical and triple points/lines. So, in the DeFACTO project we choose 
to construct an experimental rig first based on the results from the current models. From the experiments we hope to 
see which phenomena are important for which scenario (e.g. shut-in, depressurization). With this knowledge we can 
then start the next step in model improvement. Comparison between existing models and experimental 
measurements from this project will demonstrate whether new modelling is required and hopefully give an 
indication on the preferred trade-off between accuracy, computing time and usefulness for shut-ins and 
depressurizations. 
3.4 The SINTEF Energy Research CO2 flow simulator framework 
The SINTEF Energy Research CO2 transport  simulator will be the main tool used in the DeFACTO project [20]. 
The framework is developed for capturing fast pipeline transients.  
The flow simulator uses the common way of modelling well and pipeline flow by making a 1D assumption and 
average properties over the pipeline cross section. These models require closure relations to capture the smaller scale 
physics [21]. That is; thermo-physical (viscosity, heat conductivity, surface tension and thermodynamic) models, 
heat transfer models, and friction models. 1D simulation codes also need an identification of flow regimes. As one 
component of a coupled fluid structure framework, it has been used to predict if running ductile fractures might 
occur in high pressure CO2 pipelines [22]. The tool has also been used to simulate horizontal pipe depressurization 
of CO2-N2 mixtures, and show a satisfactory match with experimental results [23]. The model is under further 
development, to include closure relations for vertical downward and upward flow. The model is capable of 
modelling dry ice formation for pure CO2, using the pure component Span Wagner equation of state [24] together 
with the dry ice model by Jäger and Span [7]. Both the drift-flux and the two-fluid model formulations[25] have 
been included in the framework, and can be used with various equations of state. 
3.5 OLGA 
OLGA is a well-known tool for hydrocarbon flow assurance, and has a dedicated module for CO2. Shut-ins and 
depressurization at various wells have been modelled with the flow assurance tool OLGA by its supplier SPT Group 
[26] and their users. Thu[10, 27] modelled theoretical steady-state, shut-ins and depressurizations of the injection 
wells at Snøhvit, Sleipner, In Salah and the demonstration well at Ketzin based on openly available information. His 
main conclusion was that transient flow in the CO2 injection wells can be modeled with OLGA, but that the results 
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still have uncertainties. The two-phase flow in the Sleipner well during steady state and shut-in have been quantified 
for the first time. The known limitations around the critical point of the applied single component module were 
confirmed. The OLGA beta version with PH flash seems to improve stability and reliability of the results. Gjertsen 
[28] focused on shut-in and step-rate tests from published date on the State Charlton well in Michigan, US [11]. The 
OLGA model was used to successfully history match the bottom hole data from one step rate test, with partial 
success in matching wellhead data. It was not found possible to match equally well the bottom hole data of a shut-in 
test performed on the same well. It was advised that if a step-rate test is to be performed in a well that is not 
thermally stable and is not equipped with bottom hole gauges, it is advisable to step injection rates down instead of 
up. This can help limit noise in the pressure measurements caused by fluid density changes. Gjertsen also published 
an attempt of water alternating CO2 simulations in OLGA for enhanced oil recovery. A literature study did not find 
any published references of similar simulations. OLGA was able to include CO2-H2O mixtures, but with the less 
accurate SRK-Peneloux equation of state without getting near the critical point or two-phase area.  The simulations 
highlight the different timescales on which pressure and temperature operate in a CO2 injection well. 
3.6 Vessfire 
Another commercial CO2 flow assurance modelling tool under development is Petrel’s combination of Vessfire 
and Brilliant. Berge[29] presented the tool and a comparison of modelling and experimental results of a 
depressurization of a tank [30], focusing on the formation of solid CO2 (dry ice). Further development includes 
accidental depressurization during well injection of CO2. 
 
4 Design of a new rig  
 
With the aim to reduce the uncertainties for shut-ins and under depressurizations mentioned in the previous 
Chapter, a new experimental vertical flow circuit is proposed. A sketch of this circuit is shown in Figure 1. A 
borehole with a diameter of approximately 240 mm is to be drilled vertically 200-250 meter into the solid rock 
ground at the Statoil research laboratory in Trondheim, Norway. Thereafter a casing of approximately 200 mm 
diameter with an end cap at the bottom will be inserted to allow controlled conditions inside. A U-tube with a 32 mm 
inner diameter (ID) leg and a 16 mm ID leg will be installed inside the casing. For controlling the conditions along 
the U-tube, a heat transfer fluid will be injected by an injection tube at the bottom of the casing with adjustable 
temperature.  
The vertical flow circuit will be linked to the existing CO2 transport test facility[13], using the existing main 
components such as the necessary vessels, compressor and pump, etc. to operate the circuit. It will have the 
configuration option to either be connected directly downstream of the gas and liquid control valves IV-101 and IV-
100, respectively or be connected in series to the existing horizontal flow circuit. The latter configuration is shown in 
Figure 1.  
The U-tube will be extensively instrumented and equipped with high frequency response pressure transmitters 
and temperature sensors at regular intervals. Sight glasses are included for visual inspection and detection of flow 
regime. To analyze the liquid-to-gas ratio, gamma ray measurements are considered for measuring the liquid fraction 
via density at the inlet of the vertical flow circuit. Moreover, water or brine can be added at the bottom of the U-tube 
via a liquid injection line for investigating the effects of the H2O-CO2 interaction during shut-ins and 
depressurizations scenarios.  
Since a borehole diameter of 240 mm is the maximum considered possible for the vertical flow circuit, this will 
set the boundary conditions for dimensioning the casing, CO2 process tubes, etc. There are two bottle-necks located 
along the vertical flow circuit. The first will be at the bottom with a very compact arrangement of three downhole 
valves which will be hydraulically operated. The second will be close to the top. Here, in addition to the CO2 process 
tubes, the liquid injection line and the heat transfer injection tube also the cablings of all the pressure and 
temperature sensors as well as the hydraulic lines for the control valves need to pass through. On top of that the last 
pressure sensors connected to the CO2 process tubes need to be bypassed. A cross sectional view of the vertical flow 
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circuit close to the top is shown on the lower left in Figure 1. It illustrates the place constraints which will be 
encountered inside the casing as well as the remaining space for the heat transfer fluid flowing upwards for 
controlling the conditions along the tubes.  
 
 
Figure 1: Lay-out of the existing CO2 transport test facility including the horizontal flow circuit and the new vertical flow circuit as well as a cross 
section of the vertical flow circuit illustrating the place constraints on the lower left. 
 
For investigating different shut-in scenarios first stable conditions at continuous flow in the test facility need to be 
achieved. Thereafter the following scenarios are carried out: 
1. Shut-in of only inlet leg: The inlet valve and the downhole valve are closed simultaneously. 
2. Shut-in of only inlet valve: Only the inlet valve is closed.  
3. Shut-in of both legs: The inlet and outlet valve are closed simultaneously 
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These tests will be done with varying pressures and temperatures as well as varying mass flows during initial 
stable conditions. 
For investigating the behavior during depressurization the following operations are planned: 
1. Depressurization of one leg: One leg is filled with CO2 or CO2 with impurities. Thereafter the valve to 
ambient is opened, while the downhole and outlet valve are kept closed. 
2. Depressurization of both legs: Both legs are filled with CO2 or CO2 with impurities. Thereafter the valve to 
ambient is opened, while the inlet and outlet valve are kept closed. 
3. Depressurization with CO2 backflow: Both legs are filled with CO2. Thereafter the valve to ambient is 
opened, while the outlet valve is kept closed. Simultaneously the CO2 pump is used to maintain the defined 
pressure at the inlet of the vertical flow circuit for a certain amount of time. 
4. Depressurization with water backflow: Both legs are filled with CO2 or CO2 with impurities. Thereafter the 
valve to ambient is opened, while the inlet and outlet valve are kept closed. Simultaneously, the liquid 
injection valve is opened and water is injected by using the liquid injection line. 
The depressurization tests will be performed with varying pressures and temperatures as well as varying outlet 
options to the ambient, such as full bore opening and openings with defined restrictions. In addition, the vertical flow 
circuit can be configured to either using the larger tube for downward flow and the smaller tube for upward flow, as 
exemplified in Figure 1, or vice versa. For investigating the impact of impurities in CO2 during depressurization, 
certain tests will be executed with nitrogen or methane as impurity.  
 
5 Conclusions  
 
The main conclusion from this paper is that the physical phenomena during shut-ins and depressurizations of CO2 
injection wells can be described with models, but that there are still some uncertainties left. The largest uncertainties 
occur when the transient flow is rapid and/or CO2 is mixed with water. This observation is based on literature survey 
on modelling and available experimental and operational data. It has motivated the DeFACTO partners to propose 
the design of a new experimental rig for getting useful data on shut-ins and depressurizations.  A well with casing is 
to be drilled vertically 200-250 meter into the solid rock ground at the Statoil laboratory in Trondheim, Norway. A 
U-tube with two legs with different diameter will be suspended in the well. Water or brine can be added for 
observing the effects of the H2O-CO2 interaction.  Furthermore, a description was given what type of experiments 
can be done in order to obtain as useful as possible results. The U-tube is to be linked to the existing horizontal test 
loop, which has the necessary tanks, compressor and pump. This rig will hopefully contribute in making CO2 
injection wells even safer and more cost efficient. 
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